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Abstract. The uptake mechanisms of Ni(II) on mordenite were investigated by 13 
macroscopic experiments and extended X-ray absorption fine structure (EXAFS) 14 
spectroscopy. The results demonstrated that Ni(II) could be retained via different 15 
mechanisms, depending on pH, ionic strength, temperature etc. At low pH, the uptake 16 
of Ni(II) is primarily dominated by cation exchange and/or outer-sphere surface 17 
complexation. The interatomic distances of Ni-O (~2.05 Å) and the coordination 18 
number (~6.0) are similar to those of Ni(II)(aq) reference sample, suggesting that 19 
Ni(II) is present in an [Ni(H2O)6]
2+ 
octahedral environment at low pH. With 20 
increasing pH, the uptake of Ni(II) on mordenite tends to form inner-sphere surface 21 
complexes and precipitation/co-precipitation at high pH. The uptake of Ni(II) on 22 
*Revised Manuscript
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mordenite becomes more favorable with increasing temperature, and the EXAFS 23 
spectra analysis show a trend from outer-sphere surface complexation at low 24 
temperature to inner-sphere surface complexation at high temperature. The addition of 25 
HA/FA increases Ni(II) uptake at low pH and decreases Ni(II) uptake at high pH. 26 
Enhanced Ni(II) uptake is attributed to the formation of “ligand-bridging” ternary 27 
surface complexes that are adsorbed on mordenite surface, while reduction is 28 
attributed to the formation of soluble Ni(II)-HA/FA complexes in solution that 29 
compete with uptake processes. The findings presented in this study are important 30 
toward a molecular-level description of Ni(II) uptake processes at the water-mineral 31 
interface. 32 
 33 
1. Introduction 34 
The frequency and severity of heavy metal pollutants in surface and ground water are 35 
of great concern to scientists due to the potential hazardous effects on the availability 36 
and potability of freshwater sources. Among the potential toxic trace metals, nickel 37 
(Ni) is one of the most widespread contaminants in the environment. The wastewater 38 
containing Ni mainly derives from industrial production processes such as mining, 39 
electrolysis, electroplating, batteries dyes metallurgy, pesticides etc (Parab et al., 40 
2006). Although Ni is relatively non-toxic, elevated levels of Ni are detrimental to the 41 
environment. Its presence in drinking water above the permissible limit of 0.02 mg/L 42 
set in WHO drinking-water quality standards may directly or indirectly cause adverse 43 
health effects such as anemia, encephalopathy, diarrhea, hepatitis, nephritic syndrome, 44 
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and the dysfunction of central nervous system. For the sake of ecosystem stability and 45 
public health, it is necessary to decrease the concentration of Ni to the permissible 46 
limits before its discharge to the environment.  47 
Sorption, diffusion, and precipitation reactions at mineral-water interfaces are closely 48 
related with the accumulation, migration, transformation and biological effectiveness 49 
of Ni(II) ions in soil and water environment. Zeolites are microporous crystalline 50 
solids with well-deﬁned structure, consisting of a three-dimensional network of 51 
consisting of silica and alumina tetrahedral units linked by shared oxygen atoms (T-O).  52 
The isomorphic substitution of Si
4+
 by Al
3+
 causes a negative charge density in the 53 
zeolite lattice. This charge is neutralized by introducing exchanged alkaline and 54 
alkaline earth cations (normally Na
+
, K
+
, Mg
2+
 and Ca
2+
) in the structural sites. The 55 
mobile non-framework cations are located in cavities in the channel walls and 56 
coordinated with the water molecules within the channel. Due to their outstanding 57 
properties such as high cation exchange capacity, featuring thermal stability, 58 
nanosized pore structures, and unusual surface topology, zeolites are widely used to 59 
reduce the heavy metals through chemical immobilization. The treatment process is 60 
based either on cation exchange between heavy metals and cations, such as Na
+
, K
+
, 61 
Mg
2+
 and Ca
2+
, or on the precipitation of metal hydroxides over the zeolite external 62 
surfaces. The uptake kinetics of cation exchange is fast, and exchangeable interlayer 63 
cations can be replaced by solute ions by varying the concentration of the hydrated 64 
ions. The cation exchange process in zeolites is affected by several factors such as 65 
quantity and type of ions, solution pH values and crystal structure of the zeolite. To 66 
  4 
precisely predict the mobility and long-term behavior of heavy metal ions in zeolite 67 
systems, a microscopic mechanistic understanding of metal speciation and chemical 68 
processes at the solid-water interface is of fundamental importance.  69 
In recent years, X-ray absorption fine structure (XAFS) spectroscopy technique has 70 
been widely applied to determine the local atomic structures including interatomic 71 
distances, coordination number, and type of near-neighbors surrounding a specific 72 
element and oxidation state of the atom. Sano et al. (1987) characterized nickel 73 
exchange in Y-type zeolite by EXAFS, and proposed that after NaOH treatment there 74 
occurred the formation of nickel hydroxide-type compounds. After oxidation and 75 
reduction treatments, metallic nickel particles were formed in the zeolite. Based on 76 
the study of cation environment and movement during dehydration and reduction of 77 
nickel-exchanged zeolite Y by a combination of EXAFS spectroscopy and XRD 78 
technique, Dooryhee et al. (1991) made a conclusion that approximately 70% of the 79 
Ni
2+ 
present as solvated cations in the supercage were transferred to the hexagonal 80 
prism site and stabilized by inward relaxation of the surrounding oxygen ions during 81 
dehydration. The remaining Ni
2+
 ions in a partially solvated state in the sodalite cage 82 
were readily reducible by hydrogen to yield small crystallites of metallic nickel. 83 
Groust et al. (2005) used in situ dispersive-EXAFS to identify the oxygen and 84 
framework tetrahedral shells around Ni
2+
 in faujasite upon rehydration and found that 85 
the Ni
2+
 in fully hydrated Ni2.6NaX were present in an [Ni(H2O)6]
2+ 
octahedral 86 
environment at Ni-O distance of 2.06 Å. In contrast, the Ni-O distance of 2.11 Å in 87 
dehydrated Ni2.6NaX is close to a value previously proposed considering that faujasite 88 
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is able to accommodate effectively Ni2+ at site SI (centre of the hexagonal prism) 89 
with six framework O atoms at a bond distance of 2.10 Å (Dooryhee et al., 1991). The 90 
above-mentioned literatures thoroughly illustrate the potential of EXAFS to give very 91 
specific information on the chemical and/or environmental changes of zeolite catalyst 92 
as well as on the migration of nickel in zeolitic systems, even for low loadings of the 93 
X-ray absorbing species, thus providing a powerful tool in the ﬁelds of catalysis and 94 
zeolite science.  95 
Temperature plays a significant role in the dynamic uptake of metal ions, the 96 
transformation of surface complexation structures and the stability of various metal 97 
precipitates. Scheckel and Sparks (2001) determined the thermodynamics parameters 98 
of Ni sorption on pyrophyllite, talc, gibbsite, amorphous silica, and a mixture of 99 
gibbsite and amorphous silica over a temperature range of 9 to 35 °C by using the 100 
Arrhenius and Eyring equations. Based on the values of Ea (activation energy) and 101 
∆S0 (standard entropy change), they made a conclusion that the sorption of nickel on 102 
these sorbents was surface-controlled and an associative mechanism. The sorption 103 
kinetics of Cu and Pb by ferrihydrite was investigated by Scheinost et al. (2001) under 104 
two temperatures (6 and 24 °C) that cover a range of common soil and aquifer 105 
temperatures. The results showed that the dropping of temperature from 24 to 6 °C 106 
reduced both the initial amount of Cu and Pb adsorbed as well as the further sorption 107 
kinetics. Besides, temperature had a more pronounced effect on the kinetics of Cu and 108 
Pb uptake by ferrihydrite gel than by dense ferrihydrite. Peltier et al. (2006) 109 
synthesized a series of Ni-Al LDH phases with NO3
-
, SO4
2-
 and CO3
2- 
interlayers by 110 
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using a low-temperature controlled hydrolysis method and determined the enthalpies 111 
of formation for these phases. The obtained enthalpy and free energies of formation 112 
for Ni LDH phases increase in the order of NO3
- 
> SO4
2-
 > CO3
2-
. Ni LDH phases are 113 
thermodynamically favored over pure Ni hydroxides on minerals containing soluble 114 
Al. They also concluded that the substitution of silica for carbonate in the interlayer is 115 
a thermodynamically favored process that represents the first step in the 116 
transformation of Ni LDHs to phyllosilicate phases with substantially lower Ni 117 
solubility than hydroxide phases. Furthermore, the Si-exchanged α-Ni hydroxide is 118 
even more stable in thermodynamics than the original Ni-Al LDH (Scheckel et al., 119 
2000). Based on the above-mentioned literatures, the mechanistic and quantitative 120 
study of temperature effect on the physicochemical behavior of various metallic 121 
surface complexation structures and precipitates can facilitate more accurate 122 
predictions of the mobility, toxicity and bioavailability of metal ions in environmental 123 
systems.  124 
Humic substances (HS), a kind of natural organic material in soil and natural water 125 
bodies, are often intimately associated with natural minerals. HS can form aggregates 126 
with minerals by diverse mechanisms such as protonation with formation of hydrogen 127 
binding, water and/or metal bridging, ligand exchange and van der Walls interactions 128 
(Abate and Masini, 2005). Moreover, the strong complexation ability of HS with 129 
metal ions performs a vital function in the environmental fate, bioavailability, toxicity, 130 
and mobility of heavy metals in the biosphere. Recently, there has been increased 131 
interest in characterizing the mechanisms by which HS and related low molecular 132 
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weight organic ligands (e.g., citrate, glutamate) affect metal sorption (Alcacio et al., 133 
2001; Nachtegaal and Sparks, 2003; Strathmann and Myneni, 2004; 2005). 134 
In this study, the uptake of Ni(II) on mordenite as affected by a series of 135 
environmental parameters such as pH, ionic strength and temperature in the 136 
absence/presence of HS (i.e., humic acid (HA) / fulvic acid (FA)) was investigated by 137 
using batch technique under N2 conditions. The local atomic structures and speciation 138 
of the adsorbed Ni(II) on bare and HA/FA-bound mordenite were investigated by 139 
using Ni K-edge EXAFS spectra to determine the influence of pH and temperature on 140 
the uptake mechanisms.  141 
2. Materials and Methods 142 
2.1 Materials 143 
The mordenite sample was purchased from Nankai University catalyst Co., Ltd 144 
(China), and was purified with 1.0 mol/L HNO3 for 24 h at room temperature to 145 
remove the soluble impurity, and then washed with Milli-Q water till to pH ~6.0. At 146 
last, the sample was dried in oven at 383.15 K. The crystalline phase of the mordenite 147 
was determined by X-ray powder diffraction (XRD). The main peaks and d-spacing 148 
values corresponded to pure mordenite by comparing the XRD pattern with that of 149 
standard mordenite (Treacy and Higgins, 2001). The Si:Al radio was determined to be 150 
~20:1 by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The 151 
cation exchange capacity (CEC) determined by using ammonium acetate method was 152 
91 mmol/100g, and the zero point of charge (pHzpc) measured by potentiometric 153 
titration was 4.5. All the other chemicals were purchased in analytical purity and used 154 
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without any purification.   155 
Soil HA and FA samples were extracted from the soil of Hua-Jia county (Gansu 156 
province, China) and were characterized in detail in earlier studies (Tao et al., 1999; 157 
Tan et al., 2008). Cross-polarization magic angle spinning (CPMAS) 
13
C NMR 158 
spectra of HA and FA show that they mainly comprise aliphatic, carbohydrate, 159 
aromatic, and carboxyl groups. The concentrations of functional groups of HA and FA 160 
determined by fitting the potentiometric acid-base titration data using FITEQL 3.1 are 161 
given in Table 1.  162 
2.2 Characterization 163 
The surface groups of mordenite were characterized using FTIR (PerkinElmer 164 
Spectrum 100, America) in pressed KBr pellets. The spectral resolution was set to 1 165 
cm
-1
, and 150 scans were collected for each spectrum. The surface area of mordenite 166 
was determined by the Brunauer-Emmett-Teller (BET) method and the pore size 167 
distribution was calculated from the sorption branch of the isotherm using the 168 
Barrett-Joyner-Halenda (BJH) method. Before determination, the samples were 169 
degassed at 423.15 K and 10
-6
 Torr.  170 
2.3 Macroscopic experimental procedure  171 
The macroscopic experiments were carried out in polyethylene tubes under N2 172 
conditions by using batch technique. The stock suspension of mordenite and NaClO4 173 
solution were first contacted for 24 h to achieve the equilibrium between mordenite 174 
and NaClO4. Then, nickel stock solution and HA/FA stock solution were added to 175 
achieve the desired concentrations of different components. The solution pH was 176 
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adjusted to desired value with negligible amounts of 0.1 or 0.01 mol/L
 
HClO4 or 177 
NaOH. The suspensions were gently shaken for 2 days to attain sorption equilibrium, 178 
and then the solid was separated from solution by centrifugation at 9000 rpm for 30 179 
min. The concentration of Ni(II) was analyzed by spectrophotometer at wavelength 180 
530 nm through the formation of Ni butanedione dioxime complex. The amount of 181 
Ni(II) uptake on mordenite was calculated from the difference between the initial 182 
concentration (C0) and the equilibrium one (Ceq) in supernatant. The amount of Ni(II) 183 
uptake on mordenite (uptake%=(C0−Ceq)/C0×100%) and distribution coefficient 184 
(Kd=((C0−Ceq)/Ceq· V/m)) were derived from C0, Ceq, the mass of mordenite (m) and 185 
the volume of the suspension (V). All experimental data were the average of triplicate 186 
determinations and the relative errors were about 5%. 187 
2.4 EXAFS analysis 188 
2.4.1 Sample preparation for EXAFS analysis 189 
Ni(II) uptake samples for EXAFS analysis were conducted using a 250 mL vessel 190 
with 0.5 g/L mordenite, 0.01 mol/L NaClO4 and 1.70×10
-4 
mol/L Ni(II) solution under 191 
various solution conditions. The uptake of Ni(II) was performed by adding 42.50 mL 192 
acidified 0.001 mol/L Ni(ClO4)2 stock solution and appropriate 0.1 mol/L NaOH to 193 
neutralize the acidity of Ni(II) solution. The Ni(II) solution was introduced as follows: 194 
10-50 µL increments of Ni(II) stock solution were introduced into the suspension 195 
under constant stirring to disperse the small aliquot of Ni(II) solution, and then the 196 
base solution was added. Simultaneously, the pH was monitored and kept to the 197 
desired value during Ni(II) addition. Periods of a few minutes between the increments 198 
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were chosen to avoid Ni(II)(aq) values exceeding the solubility limit of Ni(OH)2(s), 199 
while allowing the completion of Ni(II) addition in reasonable delay. The samples 200 
were shaken for 2 days, and then the samples for EXAFS measurements were 201 
prepared from the residual wet pastes obtained after centrifugation of the suspensions.  202 
2.4.2 EXAFS analysis  203 
Ni K-edge X-ray absorption spectra at 8333 eV were recorded at the National 204 
Synchrotron Radiation Laboratory (NSRL, Hefei, China) in fluorescence (for 205 
Ni(II)(aq), (Ni+HA)(aq), mordenite-Ni and mordenite-HA/FA-Ni) and transmission 206 
(for β-Ni(OH)2(s) and Ni(CH3COO)2·4H2O) modes. The electron storage ring was 207 
operated at 0.8 GeV with a maximum beam current of 200 mA. A superconductor 208 
wiggler with a maximum magnetic field B0 of 6 T inserted in the straight section of 209 
the storage ring was used. The energy of X-ray was tuned by using a fixed-exit 210 
double-crystal Si (111) monochromator. Higher order harmonics were suppressed by 211 
detuning the monochromator by 25%. The monochromator position was calibrated by 212 
assigning the ﬁrst inﬂection point on the K-absorption edge of metallic nickel foil to 213 
8333.0 eV. Fluorescence spectra were collected using a multi-element pixel high 214 
purity Ge solid-state detector. Scans were collected in triplicate and averaged to 215 
improve the signal-to-noise ratio. Energy calibration, fluorescence deadtime 216 
correction and the EXAFS data analysis were performed with the SixPack interface to 217 
the IFEFFIT package. EXAFS data reduction and analyses were performed by using 218 
the following procedures. First, the averaged spectra were normalized with respect to 219 
E0 determined from the second derivative of the raw spectra, and then the total atomic 220 
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cross-sectional absorption was set to unity. A low-order polynomial function was fit to 221 
the pre-edge region and the post-edge region. Next, the data were converted from 222 
E-space to k-space and weighted by k
3
 to compensate for dampening of the XAFS 223 
amplitude with increasing k space. Fourier transformation was then performed over 224 
the k range of 2.0-11.0 Å
-1
 using the Kaiser-Bessel window function to obtain the 225 
radial structural functions (RSF). Final fitting of the spectra was done on Fourier 226 
transformed k
3
-weighted spectra in R-space. The theoretical scattering phases and 227 
amplitudes used in data analysis were calculated with the scattering code FEFF7 228 
(Ankudinov and Rehr, 1997) using the crystal structure of Ni(II)(aq), β-Ni(OH)2(s) 229 
and Ni(CH3COO)2·4H2O. The amplitude reduction factor, S0
2
, was fixed to 0.85 to 230 
reduce the number of adjustable parameters. The need of a unified Debye-Waller 231 
factor has been reported to be an effective way for solving the resolution problem and 232 
improving the comparability of fitting results. During fitting, the Debye-Waller factors 233 
of the Ni-O shells were allowed to vary, but those of the second shells (i.e., 234 
Ni-Al/Si/Ni) were fixed equal to that of β-Ni(OH)2(s) (i.e., 0.007 Å
2
). When allowed 235 
to vary, the Debye-Waller factors of the second shells showed no trends for different 236 
samples (e.g., as a function of pH and temperature), and therefore the same value of 237 
0.007 Å
2 
was used in the final fitting procedure to reduce the number of free 238 
parameters. This constraint is necessary due to strong correlation of Ni, Al and Si 239 
backscattering contributions for the second shells (Mandaliev et al., 2010). On the 240 
basis of this fitting mode, we can get more precise and logical results that are helpful 241 
to interpret the microscopic uptake mechanisms. Accuracies for R and CN are 0.02 Å 242 
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and 20%, respectively, for Ni-O shell and 0.03 Å and 40%, respectively, for the 243 
second shells. 244 
3. Results and Discussion 245 
3.1 Characterization of mordenite 246 
The FTIR spectrum of mordenite sample is shown in Fig. 1A. The FTIR bands 247 
associated with the internal Si-O(Al) and Si-O(Si) vibrations in tetrahedral or 248 
alumino- and silico-oxygen bridges lie in the range of 400-1200 cm
-1
. The bands 249 
relative to the presence of zeolite water lie in the range of 1600-3700 cm
-1
. From the 250 
spectrum, the band at 544 cm
-1
 corresponds to the D5R (double five ring) structure of 251 
tetrahedral SiO4 and AlO4 units. The strong band at 1048 cm
-1
 represents the 252 
asymmetric valence vibrations in tetrahedra SiO4 (Korkuna et al., 2006). The less 253 
obvious band at 1215 cm
-1 
reflects a low-ordered structure of silicon and aluminum in 254 
mordenite crystal. The spectral band at 1637 cm
-1
 reflects the bending H-O-H bond of 255 
water molecules retained in the matrix. The broad bands at 3460 and 3608 cm
-1
 are 256 
attributed to O-H···O stretching of the water molecules (H2O) absorbed on the solid 257 
surface and the O-H stretching vibration of the silanol (Si-OH) groups from the solid, 258 
respectively.  259 
N2 adsorption-desorption isotherms and the corresponding BJH pore-size distribution 260 
curve of the mordenite samples are shown in Fig. 1B. It is clear that the isotherms 261 
correspond to Type I classification. The specific surface area and monolayer capacity 262 
of the sample are 13.90 m
2
/g and 3.19 cm
3
/g, respectively. The average pore radius is 263 
5.32 nm with a wide distribution of pore size. The total pore volume is measured to be 264 
  13 
0.0370 cm
3
/g, including 22.7% micropores (0.0084 cm
3
/g) and 77.3% mesopores 265 
(0.0286 cm
3
/g). It is obvious that mesopores dominate the total pore volume of the 266 
sample.  267 
3.2 Macroscopic experiments 268 
3.2.1 Effect of pH and ionic strength  269 
The uptake of Ni(II) on mordenite as a function of pH was measured in 0.001, 0.01 270 
and 0.1 mol/L NaClO4 electrolyte solutions at 293.15 K and the result was shown in 271 
Fig. 2A. For pH below 7, the amount of Ni(II) uptake increases gradually with pH 272 
increasing and decreases markedly as NaClO4 concentration increases from 0.001 M 273 
to 0.1 M. For pH values higher than 7, the uptake of Ni(II) on mordenite increases 274 
sharply to a maximum value of ~99%. Above pH 8.5, the uptake of Ni(II) maintains 275 
the high level at ~99%. These results imply the changes of uptake mechanisms with 276 
pH due to the formation of multifarious surface complexes (Kowal-Fouchard et al., 277 
2004).  278 
It can be seen from Fig. 2A that the uptake of Ni(II) on mordenite is strongly affected 279 
by ionic strength at pH<7 and no obvious effect is found at pH>7. The ionic strength 280 
can influence the electric double layer thickness and interface potential, thereby can 281 
affect the binding of Ni(II) ions. Outer-sphere surface complexes are expected to be 282 
more impressionable to ionic strength variations than inner-sphere surface complexes 283 
as the background electrolytes are placed in the same plane for outer-sphere surface 284 
complexes. It is believed that the uptake mechanism of metal ions is outer-sphere type 285 
if an increase in ionic strength results in a decrease of metal ion uptake, while 286 
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insensibility to ionic strength has been taken as an indication for inner-sphere surface 287 
complexation. Based on the theory mentioned above, one can deduce that cation 288 
exchange or outer-sphere surface complexation is the main mechanism for the uptake 289 
of Ni(II) on mordenite at pH<7. The fact that the amount of Ni(II) uptake on 290 
mordenite decreases as the concentration of NaClO4 increases supports this 291 
hypothesis. Fig. 2B shows the relative proportion of Ni(II) species calculated from the 292 
hydrolysis constants (LogK1=-9.5, LogK2=-18.0, LogK3=-29.7) (Tertre et al., 2005). It 293 
is clear that Ni(II) presents in the forms of Ni
2+
, Ni(OH)
+
, Ni(OH)2, Ni(OH)3
-
 and 294 
Ni(OH)4
2- 
at different pH values. One can see that the dominant Ni(II) species is Ni
2+
 295 
at pH<7, and the uptake of Ni(II) in this pH range is mainly accomplished via cation 296 
exchange process between Ni
2+
 and H
+
/Na
+
 that saturates the exchangeable sites. The 297 
extent of cation exchange process can be quantified from the exchangeable cationic 298 
site concentration and the fraction of Ni(II) species in solution. As mentioned above, 299 
the cation exchange capacity (CEC) of mordenite is 91 mmol/100g. Accordingly, the 300 
exchangeable cationic site concentration (i.e., H
+
/Na
+
) of 0.5 g/L mordenite is 301 
4.55×10
-4 
mol/L, which is 2.7 times of the Ni
2+
 (the dominant Ni(II) species at pH<7) 302 
concentration, i.e., 1.70×10
-4 
mol/L. Hence, one can conjecture that the exchange 303 
extent should be complete, i.e., one Ni
2+ 
replaces two H
+
/Na
+ 
in the structural sites 304 
(
2
22 Ni Ni 2
      S H S H  or
2
22 Ni Ni 2
      S Na S Na ). In 305 
addition to cation exchange, the increase of Ni(II) uptake on mordenite with 306 
increasing solution pH may be also attributed to electrostatic action associated with 307 
the surface charge of mordenite. At pH>pHzpc (pHzpc=4.5), the surface of mordenite 308 
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becomes negatively charged and accordingly enhances the uptake of positively 309 
charged Ni
2+
 through electrostatic attraction. Another reason is that the aluminol and 310 
silanol groups on mordenite surface are less protonated with pH increasing. Hence, 311 
these groups are more available to retain Ni(II) ions. For pH values higher than 7, the 312 
effect of NaClO4 concentration on the amount of Ni(II) retained is negligible. The fact 313 
is compatible with a more specific process involving hydrolyzed species, in which 314 
Ni(II) can associate with mordenite as an inner-sphere complex via covalent bonds 315 
between Ni(II) and the electron donating oxygen ions of mordenite surface. 316 
Depending on the pH and Ni(II) concentration, the hydrolytic actions of Ni(II) may 317 
generate various species such as Ni(OH)2, Ni(OH)3
-
 and Ni(OH)4
2-
 at higher pH 318 
values (pH>8.5), which participate in the uptake and precipitation of Ni(II) on 319 
mordenite. 320 
From the above discussion, it is clear that the uptake of Ni(II) on mordenite is greatly 321 
dependent on solution pH and ionic strength, which implies the combination of 322 
various mechanisms such as cation exchange/outer-sphere surface complexes, 323 
inner-sphere surface complexes and precipitation. However, the plausible 324 
interpretation of the pH-dependent uptake is still controversial and needs further 325 
investigation at molecule level, such as the local atomic structures of Ni(II) uptake on 326 
mordenite, which is discussed in Section 3.3.2.1.  327 
3.2.2 Sorption isotherms and thermodynamic analysis    328 
Figure 3 shows the sorption isotherms of Ni(II) on mordenite at three different 329 
temperatures (viz 293.15, 323.15 and 353.15 K). One can see that the uptake of Ni(II) 330 
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increases with rise in temperature, which indicates that high temperature is 331 
advantageous for Ni(II) uptake on mordenite. Several factors may account for the 332 
increase of Ni(II) uptake with increasing temperature. Increased diffusion rate of Ni(II) 333 
into the mordenite pores due to increased temperature may account for the observed 334 
behavior (Genc-Fuhrman et al., 2004). Changes in the mordenite pore sizes as well as 335 
an increase in the number of available surface sites due to the breaking of some 336 
internal bonds near mordenite surface edge are expected at higher temperatures. The 337 
increase in temperature may lead to the increase in proportion and activity of Ni(II) 338 
ions in solution, the affinity of Ni(II) ions to the surface, or the charge and the 339 
potential of mordenite surface (Partey et al., 2008).  340 
The thermodynamic parameters (ΔH°, ΔS°, and ΔG°) can be determined from the 341 
temperature dependent sorption isotherms. The Gibbs free energy change (ΔG°) is 342 
calculated from the relationship: 343 
0 0G RTLnK              (1) 344 
where K° is the sorption equilibrium constant. Values of LnK°, obtained by plotting 345 
LnKd versus Cs  for Ni(II) uptake on mordenite and extrapolating Cs to zero, are 9.14 346 
(T=293.15 K), 9.61 (T=323.15 K) and 10.93 (T=353.15 K). Standard entropy change 347 
(ΔS°) is calculated using the equation: 348 
0
0
P
G
S
T
 
   
 
             (2) 349 
The average standard enthalpy change (ΔH°) is then calculated from the relationship: 350 
0 0 0H G T S                 (3) 351 
The values obtained from Eqs. (1) to (3) are tabulated in Table 2. The positive ΔH° 352 
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values indicate that the uptake process of Ni(II) on mordenite is endothermic. The 353 
endothermic nature of Ni(II) uptake is attributed to the disruption of the interfacial 354 
water structure and release of water molecules from the surface. At pH 6.5, Ni(II) is in 355 
the form of octahedral hydrous Ni(II) ions ([Ni(H2O)6]
2+
). The hydration sheath of 356 
Ni(II) has to be destroyed before its uptake on mordenite. This dehydration process is 357 
essentially an endothermic process, and it appears that the endothermicity of the 358 
desolvation process exceeds the exothermicity of Ni(II) ions to attach to mordenite 359 
surface by a considerable extent. This implies that structural changes in Ni(II) ions 360 
and mordenite units occur during the uptake process. As a result, the number of the 361 
water molecules surrounding Ni(II) decreases and thus the degree of the freedom of 362 
the water molecules increases. The ΔG° values for Ni(II) uptake on mordenite at the 363 
three temperatures are in the range of -20 to -80 kJ/mol and the uptake of Ni(II) is via 364 
physical sorption together with chemisorption (Yu et al., 2001). Moreover, the value 365 
of ΔG° becomes more negative with the increase of temperature, indicating more 366 
efficient uptake of Ni(II) at high temperature. The entropy of activation (ΔS°) 367 
parameter is generally regarded as a measure of the width of the saddle point of the 368 
potential energy surface over which reactant molecules must pass as activated 369 
complexes. The large positive ΔS° values for Ni(II) uptake on mordenite at the three 370 
temperatures are in the range of a dissociative mechanism (ΔS°>-10 J/(mol·K) 371 
(Scheckel and Sparks, 2001).  372 
3.2.3 Effect of HA and FA 373 
The pH dependent Ni(II) uptake on mordenite in the absence and presence of HA/FA 374 
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is shown in Fig. 4A. One can see that HA/FA enhances Ni(II) uptake on mordenite at 375 
pH<7, while inhibits Ni(II) uptake at pH>7. In general, the uptake of Ni(II) in the 376 
presence of HA/FA is explained by a competition between surface complexation 377 
(from the mordenite surface and/or adsorbed HA/FA) and non-adsorbed HA/FA in 378 
solution. Surface adsorbed HA/FA affect the uptake of Ni(II) by altering surface 379 
charges and/or changing available sites for Ni(II) uptake. In the previous literatures 380 
(Yan and Bai, 2005; Yang and Xing, 2009), the zeta potentials of HA and FA were 381 
determined to be pH ~2. Therefore, at low pH values, the negatively charged HA/FA 382 
can be easily adsorbed on the positively charged surfaces of mordenite due to 383 
electrostatic attraction. Fig. 4B shows that about 90% HA/FA is adsorbed on 384 
mordenite at pH<7, and then the sorption decreases with increasing pH. Actual 385 
sorption of HA/FA to mordenite modifies both the long-range electrostatic properties 386 
of the aqueous-mordenite interface as well as the concentration and molecular 387 
characteristics of specific Ni-binding sites, which results in a more favorable 388 
electrostatic environment for Ni(II) uptake and enhances the formation of 389 
“ligand-bridging” ternary surface complexes (denoted type B herein) where the Ni(II) 390 
ions are complexed by humic molecules that are adsorbed on mordenite surface 391 
(Davis, 1984). Humic-promoted Ni(II) uptake is sometimes attributed to a reduction 392 
in the net positive surface charge caused by sorption of negatively charged humic 393 
molecules, which leads to more favorable electrostatic interactions with dissolved 394 
Ni(II) ions. However, at high pH values, the negatively charged HA/FA is difficult to 395 
be adsorbed on the negatively charged surfaces of mordenite due to electrostatic 396 
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repulsion. The soluble HA/FA forms strong HA/FA-Ni complexes in solution, and 397 
thereby competitively diminishes Ni(II) uptake on HA/FA-mordenite hybrids at high 398 
pH values (Christl and Kretzschmar, 2001). The result indicates that the complexation 399 
ability between HA/FA and Ni(II) is stronger than that between mordenite and Ni(II). 400 
In addition to the formation of “ligand-bridging” ternary surface complexes (denoted 401 
type B), Ni(II) can also be adsorbed by forming binary Ni(II)-mordenite surface 402 
complexes and “metal-bridging” ternary surface complexes (denoted type A herein) 403 
(Ali and Dzombak, 1996). The varying contribution of binary and ternary surface 404 
complexes to overall Ni(II) uptake at different pH values agrees with expected surface 405 
complexation trends.  406 
From Fig. 4A, one can also see that the influence of FA on the uptake of Ni(II) is 407 
stronger than that of HA at the whole pH range at the same mass concentrations of FA 408 
and HA. Although the HA and FA samples were extracted from the same soil sample 409 
and both of them contain functional groups such as hydroxyl, carboxyl, amine and 410 
phenolic, the proportions and configurations of these functional groups and surface 411 
site densities are different. As illustrated in Table 1, the surface site density of FA (i.e., 412 
2.71×10
-2
 mol/g) is higher than that of HA (i.e., 6.46×10
-3
 mol/g), which means that 413 
FA can provide more available surface sites for binding Ni(II). Furthermore, the 414 
functional groups of FA such as -OH and -COOH would be ionized as pH increased, 415 
leading to the disappearing of these hydrogen-bond donors of FA and the increase of 416 
FA solubility (i.e., the decrease of hydrophobic effects) (Yang and Xing, 2009). 417 
Therefore, FA has a stronger effect on Ni(II) uptake than HA at the whole pH range.  418 
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3.3 EXAFS analysis 419 
3.3.1. EXAFS spectra analysis of reference samples 420 
Figure 5 shows the k
3
-weighted spectra and the corresponding Fourier transformed 421 
RSFs of the reference samples (Ni(II)(aq), β-Ni(OH)2(s) and Ni(CH3COO)2·4H2O). 422 
One can see that the k
3
-weighted spectrum of Ni(II)(aq) (Fig. 5A) exhibits only a 423 
single wave frequency of monotonically amplitude for k > 3Å
-1
, which is consistent 424 
with the presence of a single ordered coordination sphere. A similar characteristic can 425 
be seen in the corresponding RSF (Fig. 5B), which has only a single peak at about 1.6 426 
Å, indicating a single shell of back-scattering O atoms neighboring the central Ni 427 
atom. The quantitative analysis shows that Ni is coordinated with ~6 O atoms at 428 
interatomic distances of 2.05 Å in Ni(II)(aq) (Table 3), indicating that Ni is in 429 
[Ni(H2O)6]
2+
 octahedral structures (Dooryhee et al, 1991; Groust et al., 2005). The 430 
[Ni(H2O)6]
2+
 solution is immediately generated upon dissolution of simple nickel salts 431 
in water (Xu et al., 2007). Owing to the contribution of higher shell atoms in the 432 
coordination environment of Ni, the k
3
-weighted spectra of β-Ni(OH)2(s) and 433 
Ni(CH3COO)2·4H2O have more distinct structure features than that for Ni(II)(aq). For 434 
Ni(CH3COO)2·4H2O, the RSF spectrum shows an intense peak at 1.6 Å and a small 435 
peak between 2.3 and 3.3 Å. Fitting of the first shell peak at 1.6 Å using the 436 
theoretically derived phase and amplitude functions indicates the presence of 6 O 437 
atoms located at interatomic distances of 2.05 Å. The results are similar to those 438 
previously reported for Ni(II) species and are consistent with the NiO6 octahedron 439 
(Scheidegger et al., 1996; Nachtegaal and Sparks, 2003). The spectral intensity 440 
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between 2.3 and 3.3 Å in the RSF is small and cannot be distinguished from 441 
background spectral noise. The second shell spectrum fitting using a single Ni-C 442 
proves unsuccessful. For β-Ni(OH)2(s), the Ni-O interatomic distance in the first shell 443 
is 2.04 Å with ~6 O atoms, and the Ni-Ni interatomic distance in the second shell is 444 
3.11 Å with ~6 Ni atoms (Table 3). The fitting results are consistent with that reported 445 
by Scheidegger et al. (1998). 446 
3.3.2 EXAFS analysis of Ni(II) uptake samples  447 
The k
3
-weighted spectra and the corresponding Fourier transformed RSFs of all the 448 
Ni(II) uptake samples are shown in Figs. 6-8. The EXAFS spectra exhibit distinct 449 
changes under various sorption conditions. For the samples prepared at low pH values 450 
(i.e., pH 5 and 6.5) and low temperature (293.15 K), the k
3
-weighted spectra are 451 
dominated by a single sinusoid resulting from O back-scattering in the first shell. The 452 
corresponding RSFs of these samples show only a single peak at about 1.6 Å, 453 
indicating a single shell of back-scattering O atoms neighboring the central Ni atom. 454 
However, additional frequencies appear in the spectra of the other uptake samples, 455 
implying the presence of back-scattering from Ni, Al/Si or C in the second 456 
coordination shell of the central Ni atom. The data analysis of the Ni-O shell for all 457 
the samples are consistent with interatomic distances of ~2.05 Å and coordination 458 
number of ~6 O atoms, which reveals that the local atomic structures of Ni-O shell are 459 
not influenced by various conditions. Therefore, the EXAFS spectra analyses in the 460 
following sections are focused on the coordination environment of the second 461 
coordination shell.  462 
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3.3.2.1 EXAFS analysis of Ni(II) uptake samples at various pH values 463 
Figure 6 shows the k
3
-weighted EXAFS spectra and the corresponding Fourier 464 
transformed RSFs for the uptake samples at different pH values. From the k
3
-weighted 465 
spectra in Fig. 6A, distinct changes can be observed from pH 5.0 to 10.0. At low pH, 466 
the spectral noise is more pronounced due to the low Ni loading on the surface. There 467 
is a large decrease in the amplitude of the signal at k > 10 Å
-1 
as a result of dampening 468 
of the EXAFS signal due to a large amount of structure disorder, and the lack of high 469 
shell back-scattering in the local atomic structure of the central Ni atom. As pH 470 
increases, pronounced features appear in the higher k range at 5 Å
-1
 and 8 Å
-1
, which 471 
are consistent with the presence of heavy back-scattering atoms in the local 472 
coordination environment of retained Ni (Dähn et al., 2003; Scheidegger et al., 2000). 473 
These features indicate the presence of more than one ordered neighboring shell 474 
around Ni atoms, and therefore the outer-sphere surface complexation is not the 475 
predominant sorption mode at high pH. In order to isolate the characteristic 476 
frequencies that exist in the k
3
-weighted spectra, the EXAFS data are Fourier 477 
transformed to yield RSFs and the results are shown in Fig. 6B. One can see that all 478 
the spectra show a main peak at 1.6 Å, which corresponds to the signal from the first 479 
coordination shell of Ni(II). Further peaks are present in the region between 2.3 and 480 
3.3 Å. Nevertheless, the intensities are significantly above the background, clearly 481 
suggesting the presence of structure beyond the first coordination shell (Sano et al., 482 
1987).  483 
A detailed microscopic mechanism of Ni(II) binding to mordenite requires the 484 
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distinction of different modes of Ni-mordenite phase interaction under various 485 
sorption conditions. The EXAFS spectra for the pH-dependent uptake samples may 486 
principally include contributions from various Ni(II) species with different 487 
coordination environments: Ni adsorbed on the surface of mordenite (formation of 488 
outer-sphere or inner-sphere surface complexes) and Ni co-precipitation with fixed 489 
and variable stoichiometries. In the case of outer-sphere surface complexation, the 490 
hydration sphere and the Ni-O interatomic distances of the surface complex should 491 
compare with those of the Ni(aq) reference sample as no direct binding to mordenite 492 
surface is anticipated (Duff et al., 2004). By contrast, the Ni complex is directly 493 
bonded to the surface via O atoms in the case of inner-sphere surface complexation. In 494 
this case, the coordination number of H2O molecules in the hydration sphere is 495 
reduced and the back-scattering contributions from neighboring atoms of mordenite 496 
are expected to appear in the EXAFS (Mandaliev et al., 2010). Finally, 497 
co-precipitation in solid with fixed and variable stoichiometries at high Ni(II) loadings 498 
are a potential mode of Ni(II) immobilization under the high alkaline conditions.  499 
The spectra of the samples at pH 5 and 6.5 are successfully fitted with a single layer 500 
of hydration, with similar interatomic distances and coordination numbers to those of 501 
Ni(II)(aq) reference sample. One can hypothesize that the predominant local atomic 502 
structures of the retained Ni is very similar to that of hydrated Ni atoms. As the 503 
EXAFS measurement was performed on pastes, the corresponding spectrum signal is 504 
heavily weighted toward retained Ni(II) and not aqueous Ni(II) ions. Therefore, the 505 
layer of hydration surrounding the central Ni(II) is not disturbed by interactions with 506 
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the surface. Hence, one can conclude that the uptake of Ni(II) is via cation exchange 507 
process between Ni
2+
 and H
+
/Na
+
 that saturates the exchangeable sites and/or 508 
outer-sphere surface complexation in the interlayer space (Strawn and Sparks, 1999; 509 
Vasconcelos et al., 2008).  510 
With increasing pH, there is increasing deprotonation of AlOH and SiOH sites on the 511 
edge of the mordenite particles, although the Si sites are deprotonated at low pH. For 512 
the uptake samples at pH 7.5 and 8.0, the extent of Ni(II) uptake has increased relative 513 
to that at pH 6.5. The presence of second shell atoms (e.g. Ni/Si/Al) in the RSFs 514 
suggests the presence of Ni complexes in these samples. It is not likely that these 515 
complexes occur as precipitates since the solution is undersaturated with respect to 516 
β-Ni(OH)2(s). Scheidegger et al. (1998) found that Ni can form multinuclear 517 
complexes on mineral surfaces even when the solution is undersaturated with respect 518 
to the corresponding phase. However, in those studies the second shell metal 519 
back-scattering atoms had much larger contributions than the second shell Ni 520 
back-scattering contributions in this study. Hence, one can deduce that Ni(II) uptake 521 
at pH 7.5 may occur as a mixture of outer-sphere and inner-sphere surface complexes. 522 
At pH 8.0, the extent of Ni(II) uptake is increased and is consistent with inner-sphere 523 
surface complexation at deprotonated edge sites, although it is likely that some 524 
additional Ni(II) is still adsorbed outer-spherically on the basal plane. Based on the 525 
deduction mentioned above, the spectra of the two samples prepared at pH 7.5 and 8.0 526 
are fitted using Ni-Al/Si pairs (i.e., model 1: Ni-Al, Ni-Si1 and Ni-Si2; model 2: 527 
Ni-Al and Ni-Si1; and model 3: Ni-Al and Ni-Si2) and related comparisons are 528 
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conducted to obtain the best fit. Our fitting results show that model 1 provides the best 529 
fit based on the minimum residual. The results corresponding to this structure model 530 
are listed in Table 3. Spectral analysis led to the identification of three nearest cationic 531 
subshells containing 1.8 Al at 3.01 Å, 1.7 Si at 3.10 Å and 3.6 Si at 3.27 Å for the 532 
uptake sample prepared at pH 7.5, and 2.1 Al at 3.00 Å, 1.8 Si at 3.09 Å and 4.4 Si at 533 
3.28 Å at pH 8.0. The values of interatomic distances are the characteristic of 534 
edge-sharing linkages between Ni-Al and Ni-Si1, and of corner-sharing linkages 535 
between Ni-Si2 (Dähn et al., 2003). Keeping in mind the fact that some of the second 536 
shell distances fall below the separate shells resolution of 0.17 Å that is reported in 537 
previous literatures like "EXAFS: Basic principles and data analysis" (Teo, 1986), we 538 
determine the statistical relevance of particular parameters in EXAFS fits by using 539 
F-test to further check the accuracy and reliability of individual fitting models 540 
(Downward et al., 2007). The test results show that fitting based on model 1 yields 541 
higher confidence level than models 2 and 3 (data not shown), suggesting the fitting 542 
model by using three subshells, i.e., Ni-Al, Ni-Si1 and Ni-Si2 can provide the most 543 
reasonable results and help to interpret the microscopic uptake mechanisms under 544 
neutral and alkalescence solution conditions.  545 
For the sample prepared at pH 10.0, the k
3
-weighted spectrum has some what similar 546 
to that of β-Ni(OH)2(s) and the peak at 2.6 Å (dotted line in Fig. 6B) in the 547 
corresponding RSF is characteristic of Ni-Ni interaction. The observed precipitate 548 
may be attributed to three nucleation products that have been suggested in the 549 
previous literatures under similar conditions, i.e., Ni-Al LDH, α-Ni(OH)2 and Ni 550 
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phyllosilicate (Scheidegger et al., 1998; Thompson et al., 1999; Scheinost et al., 1999; 551 
Dähn et al., 2002). The dissolution of an Al-containing sorbent is a prerequisite for the 552 
contraction by formation of Ni-Al LDH, and the presence of Si is a prerequisite for 553 
the formation of Ni phyllosilicate. The layered single α-Ni(OH)2 is structurally very 554 
similar to Ni-Al LDH (Scheinost and Sparks, 2000). To determine the specific 555 
contribution of the precipitates to Ni(II) sorption on mordenite, the possible nature of 556 
the precipitate is analyzed and discussed. As the mordenite sample contains Al in its 557 
constituents, the formation of Ni-Al LDH phases (fit with Ni-Ni and Ni-Al) should be 558 
taken into account. The interatomic distances of RNi-Al=3.30 Å (data not shown) 559 
obtained from the numerical simulation is incompatible with synthetic and natural 560 
Ni-Al LDH phases (3.03 to 3.07 Å ) reported by Thompson et al. (1999). A 561 
characteristic beat pattern between 8.0 and 8.5 Å
-1
 in the k
3
-weighted spectrum can be 562 
used as a ﬁngerprint to unequivocally identify Ni-Al LDHs. Comparison of the Ni-Al 563 
LDHs characteristic spectrum (Scheidegger et al., 1997; Dähn et al., 2002) with Ni 564 
treated mordenite supports the conclusion that no Ni-Al LDH phase formed under our 565 
experimental conditions. To determine whether the formation of Ni(OH)2(s) 566 
contributes to Ni(II) uptake on mordenite at pH 10.0, the spectrum of the uptake 567 
sample was fitted with two shells (i.e., Ni-O and Ni-Ni). According to this structure 568 
model, Ni is surrounded by ~6 neighboring Ni atoms at the interatomic distances of 569 
3.07 Å (data not shown). The interatomic distances of 3.07 Å for Ni-Ni shell are close 570 
to those of α-Ni(OH)2(s) (Scheinost and Sparks, 2000), suggesting the precipitation of 571 
this phase cannot be excluded on the basis of powder EXAFS technique. However, 572 
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the formation of β-Ni(OH)2(s) (the most stable form of α-Ni(OH)2(s)) can be 573 
dismissed as the interatomic distances of Ni-Ni shell in this phase equals 3.12-3.13 Å 574 
(Pandya et al., 1990). As the mordenite sample has a high Si:Al radio of ~20:1, the 575 
formation of Ni phyllosilicate (ﬁt with Ni-O, Ni-Ni and Ni-Si) for the uptake sample 576 
prepared at pH 10.0 are calculated (Table 3). The Ni-Ni and Ni-Si interatomic 577 
distances (RNi-Ni = 3.07 Å and RNi-Si = 3.27 Å) well match those in Ni phyllosilicates 578 
(RNi-Ni = 3.05 to 3.08 Å, RNi-Si = 3.26 to 3.27), implying that the nucleation of a Ni 579 
phase having a Ni phyllosilicate-like local atomic structure at pH 10.0.  580 
3.3.2.2 EXAFS analysis of Ni(II) uptake samples at different temperatures  581 
In order to gain the microcosmic mechanism of Ni(II) uptake on mordenite at 582 
different temperatures, three samples prepared at 293.15, 323.15 and 353.15 K at pH 583 
6.5 were selected for EXAFS analysis. The k
3
-weighted spectra of the uptake samples 584 
at the three temperatures and the corresponding Fourier transformed RSFs are 585 
presented in Fig. 7. One can see that the spectra appear distinct and differ from either 586 
of the reference samples (Ni(II)(aq) or β-Ni(OH)2(s)). It is clear that the position and 587 
amplitude of the first Ni-O peak are relatively constant for the three samples, 588 
indicating that the interatomic distances and coordination number of Ni-O shell are 589 
not influenced by temperature. However, the intensity of the second Ni-Ni/Si/Al peak 590 
increases significantly with temperature rising. In the k
3
-weighted spectra (Fig. 7A), a 591 
pronounced feature appears at k=5 Å
-1
 for the samples prepared at 323.15 K and 592 
353.15 K, which reflects the second coordination shell that is indicative part of 593 
inner-sphere surface complexes formed on mordenite surfaces. The EXAFS results 594 
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reveal that a rise in temperature results in a gain in the inner-sphere surface 595 
complexation, which in turn leads to an increase in Ni(II) uptake.  596 
The mordenite structure is a framework containing units of 5-member rings of linked 597 
SiO4 and AlO4 tetrahedra (4 O atoms arranged at the points of a triangular pyramid 598 
about a central Si or Al atom). These building units are linked by edge-sharing into 599 
chains, which are in turn linked together by 4-rings to form a puckered sheet 600 
perforated with 8-ring holes (Meier, 1961). Based on the above-mentioned crystal 601 
structure of mordenite, one can deduce that the hydrolyzable Ni could be bound on 602 
Si(Al)O4 tetrahedra of mordenite surface via edge-sharing and corner-sharing 603 
coordination modes, which are the two most common modes of binding between the 604 
polyhedron of hydrated metal ions and the tetrahedron of minerals (Elzinga and 605 
Reeder, 2002; Pan et al., 2004). Hence, three subshells, i.e., Ni-Al, Ni-Si1 and Ni-Si2, 606 
were used to fit the spectra of the two uptake samples at 323.15 and 353.15 K and a 607 
good fit was obtained. The EXAFS analysis results (Table 3) show that the three 608 
detectable linkage modes between the adsorbed Ni(II) and the neighboring Al/Si 609 
atoms contain 1.9 Al at 3.00 Å, 1.8 Si at 3.10 Å and 3.3 Si at 3.28 Å at T=323.15 K, 610 
and 1.8 Al at 3.01 Å, 2.0 Si at 3.09 Å and 4.2 Si at 3.27 Å at T=353.15 K. Again, the 611 
spectra fitting residuals and F-test parameters (data not shown) suggest that this model 612 
is the most suitable pattern to provide the most reasonable results and help to further 613 
interpret the microscopic uptake mechanisms of Ni(II) on mordenite at higher 614 
temperatures. Generally, the interatomic distance of edge-sharing linkage is shorter 615 
than that of corner-sharing linkage. The short linkage (Ni-Al an Ni-Si1) corresponds 616 
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to an edge-sharing linkage between the [Ni(H2O)6]
2+
 octahedron and the Si(Al)O4 617 
tetrahedron, whereas the long linkage (Ni-Si2) reflects the corner-sharing mode (Li et 618 
al., 2008). The type of adsorbed Ni(II) has a great influence on the reversibility of 619 
adsorbed species. It has been recognized that outer-sphere surface complexation tends 620 
to be reversible since they cause minimal changes in the structure of adsorbed species 621 
as compared to aqueous species (Scheidegger and Sparks, 1996). Inner-sphere surface 622 
complexation reactions tend to be irreversible since they may lead to substantial 623 
alterations in the surface structure. The edge linkage (a strong bond) between Ni(II) 624 
and mordenite would make it more difficult for Ni(II) to be desorbed from the 625 
mordenite surface than the corner linkage (a weak bond) (Elzinga and Reeder, 2002). 626 
This implied that the sorption reversibility was influenced not only by the complex 627 
type of adsorbed species (i.e., outer-sphere and inner-sphere surface complexes), but 628 
more importantly by the proportion of edge-sharing linkage when the two linkage 629 
modes existed simultaneously. In a controlled system where Cu(II) sorption on 630 
montmorillonite was dominated by edge-sharing linkage, the formation of surface 631 
complexes on high-energy edge sites made the sorption rather irreversible (Elzinga 632 
and Reeder, 2002). In contrast, the sorption of Zn(II) on δ-MnO2 was dominated by 633 
corner-sharing linkage, which corresponded to a highly reversible sorption (Li et al, 634 
2004). Herein, the uptake of Ni(II) on mordenite is between the two extreme cases 635 
mentioned above. The EXAFS results (Table 3) indicate that the number of strong 636 
sorption (i.e., edge-sharing) sites (CNNi-Al+CNNi-Si1) remains relatively stable, while 637 
the number of weak sorption (i.e., corner-sharing) sites (CNNi-Si2) increases as the 638 
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temperature increases from 323.15 K to 353.15 K. As a result, the ratio of 639 
(CNNi-Al+CNNi-Si1)/CNNi-Si2 drops from 1.12 to 0.90. This observation reveals that the 640 
decreased irreversibility at high temperature is attributed to the increase in CNNi-Si2, or 641 
the decrease in the ratio of (CNNi-Al+CNNi-Si1)/CNNi-Si2 (Pan et al., 2004; Li et al., 642 
2008). On the other hand, the increase in CNNi-Si2 results in a net increase in overall 643 
sorption capacity, which accounts for the observed increase in Ni(II) sorption capacity 644 
at high temperature (Fig. 3). 645 
3.3.2.3 EXAFS analysis of Ni(II) uptake samples in the presence of HA/FA 646 
In the presence of 10 mg/L
 
HA/FA, the uptake of Ni(II) on mordenite increases to 647 
some extent below pH 7.0, while a slight decrease is observed above pH 7.0 (Fig. 4A). 648 
In order to obtain an in-depth microscopic mechanism of the effect of HA/FA on Ni(II) 649 
uptake, two samples of Ni(II) uptake in the presence of HA/FA were prepared at pH 650 
6.5 for EXAFS analysis. Fig. 8 shows the k
3
-weighted spectra and the corresponding 651 
Fourier transformed RSFs of the Ni(II)(aq), Ni(II)-HA(aq), Ni(II)-HA-mordenite and 652 
Ni(II)-FA-mordenite, which provide evidence for a change in the local atomic 653 
structures of Ni(II) when HA/FA is added. For Ni(II)-HA(aq) sample, the spectral 654 
intensity between 2.3 and 3.3 Å in the RSF is small and cannot be distinguished from 655 
background spectral noise. As a result, no structural information for second shell 656 
atoms is provided for the sample, which suggests that Ni(II) is either uncomplexed, 657 
complexed via outer-sphere mechanisms (i.e., long-range electrostatic or H-bonding 658 
interactions of the carboxylate group of HA with completely solvated Ni(II) ions), or 659 
coordinated via a single carboxylate group in a monodentate fashion (i.e., Ni(II) 660 
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coordinated to one of the oxygen atoms of the carboxylate group) (Strathmann and 661 
Myneni, 2004). The asymmetric features in the k
3
-weighted spectra for the 662 
Ni(II)-HA-mordenite and Ni(II)-FA-mordenite samples appear no difference from 663 
those of Ni(II)(aq) and Ni(II)-HA (aq) solutions. The spectral intensities between 2.3 664 
and 3.3 Å in the RSFs are too small to be distinguished from background spectral 665 
noise. This loss in back-scattering intensity indicates that second shell Si/Al atoms are 666 
replaced by weak back-scattering atoms such as C from HA/FA molecular, which is 667 
supported by the unsuccessful attempt of using a single Ni-Al or Ni-Si back-scattering 668 
path or a combination of the two paths to fit the second shell spectrum. Therefore, the 669 
dilution of the EXAFS signal from the Ni-Al/Si shell by a Ni-C path is expected. 670 
However, second shell spectrum fitting using a single Ni-C also proves unsuccessful. 671 
A tentative explanation to the difficulty of obtaining accurate structural information 672 
fitting weak Ni-C back-scattering features is that the C atoms in HA/FA molecules are 673 
weak back-scattering due to the low atomic number and similar to O atoms, which 674 
makes the second shell unconspicuous and therefore prevents a more detailed analysis 675 
(Nachtegaal and Sparks, 2003; Strathmann and Myneni, 2005).  676 
4. Ni(II) uptake mechanisms   677 
The macroscopic and microscopic experimental results show that Ni(II) could be 678 
retained on mordenite via different mechanisms, depending on various environmental 679 
conditions such as pH, ionic strength, temperature etc. At low pH (i.e., pH 5.0 and 6.5) 680 
and low temperature (i.e., T=293.15 K), the uptake of Ni(II) is via cation exchange 681 
process between Ni
2+
 and H
+
/Na
+
 that saturates the exchangeable sites and/or 682 
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outer-sphere surface complexation in the interlayer space (Fig. 9A), which is 683 
characterized by less selective and high reversible reactions. The interatomic distance 684 
of Ni-O atoms in the first shell for the outer-sphere surface complexes is ~2.05 Å and 685 
the coordination number is ~6.0, suggesting that there exists a layer of water 686 
molecules between the complexed Ni atoms and the mordenite surface. The extent of 687 
Ni(II) uptake at pH 7.5 and 8.0 is increased relative to that at pH 6.5. The presence of 688 
second shell atoms (e.g. Al and Si) in the RSFs suggests the presence of inner-sphere 689 
surface complexes. Ni(II) uptake at pH 7.5 may occur as a mixture of outer-sphere 690 
and inner-sphere surface complexes. At pH 8.0, the extent of Ni(II) uptake is 691 
increased and is consistent with inner-sphere surface complexes at deprotonated edge 692 
sites (Fig. 9B), which is characterized by more selective and less reversible reactions. 693 
The uptake of Ni(II) at pH 10.0 is attributed to the precipitation of α-Ni(OH)2(s) 694 
and/or the formation of a Ni phyllosilicate-like co-precipitation (Fig. 9C). The exact 695 
contribution between these uptake modes is a function of the speciation of 696 
pH-dependent functional groups existing on the surface of mordenite.  697 
The EXAFS analysis results of the three temperature-dependent uptake samples 698 
demonstrate that Ni(II) can be retained on mordenite surface by forming edge-sharing 699 
linkage (strong bond) and corner-sharing linkage (weak bond) simultaneously (Fig. 700 
9B). The interatomic distances and corresponding coordination number imply that the 701 
observed increase in Ni(II) uptake capacity at high temperature is attributed to the 702 
increase of corner-sharing linkage. 703 
Addition of HA/FA increases Ni(II) uptake on mordenite at low pH and decreases 704 
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Ni(II) uptake at high pH. Enhanced Ni(II) uptake at low pH is attributed to the 705 
formation of “ligand-bridging” (type B) ternary surface complexes where Ni(II) ions 706 
are complexed by HA/FA molecules that are simultaneously adsorbed to mordenite 707 
surfaces. Reductions in Ni(II) uptake at high pH are attributed to the formation of 708 
dissolved Ni-HA/FA complexes that compete with uptake processes of Ni(II) on 709 
mordenite surface. However, second-shell spectral fits for the Ni-HA/FA-mordenite 710 
sorption samples prepared at pH 6.5 using a single Ni-C prove unsuccessful, which 711 
may be attributed to that the C atoms in HA/FA molecules are weak back-scattering 712 
due to the low atomic number and similar to O atoms.  713 
The attachment of Ni(II) ions specifically bond to mordenite surfaces can severely 714 
reduce their bioavailability and mobility in environmental mediums. The findings 715 
presented in this study are important toward a molecular-level description of Ni(II) 716 
uptake processes at the water-mineral interface. On the other hand, given the 717 
restrictions of our experimental conditions, some of the results in this study may have 718 
certain limitations in the accuracy of measurement and the discussion of uptake 719 
mechanisms. In our further study, we will make great effort to carry out more detailed 720 
investigation by using polarized extended X-ray absorption ﬁne structure (P-EXAFS) 721 
spectroscopy and other characterization techniques to obtain more precise 722 
microstructure information and get more in-depth uptake mechanisms. 723 
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Table 1. The concentrations of functional groups of HA and FA calculated from 878 
potentiometric titration by using FITEQL 3.1. 879 
 880 
Table 2. Values of thermodynamic parameters for the uptake of Ni(II) on Mordenite. 881 
T(K) ΔG° (kJ/mol) ΔS° (J/(mol·K)) ΔH° (kJ/mol) 
293.15 -22.27 163.50 25.66 
323.15 -25.81 163.50 27.02 
353.15 -32.08 163.50 25.67 
882 
 
Log Ka C (mol/g)* Surface sites 
density 
(mol/g) 
WSOS/DF 
L1 L2 L3 HL1 HL2 HL3 
HA -5.04 -7.40 -9.60 2.20×10
-3
 1.08×10
-3
 3.18×10
-3
 6.46×10
-3
 2.37 
FA -5.19 -7.77 -10.53 1.83×10
-3
 1.08×10
-3
 2.42×10
-2
 2.71×10
-2
 0.10 
*: HL1, HL2 and HL3 represent the carboxyl groups (-COOH), the phenolic groups (Ar-OH) 
and the amine groups (-NH2) of HA and FA, respectively. 
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Table 3. Structural Parameters Derived from EXAFS Analysis for Standard 883 
References and Ni uptake samples.  884 
 885 
 886 
 887 
 888 
 889 
890 
Sample Conditions 
First shell (Ni-O)  Second shell (Ni-Ni/Al/Si)        % Res 
R (Å) CN σ
2 
(Å
2
)
 
 Bond R (Å) CN σ
2 
(Å
2
)
 
 
Ni(II)(aq) 2.05(1) 5.9(2) 0.004(1)       4.2 
β-Ni(OH)2 2.04(2) 5.8(1) 0.005(1)  Ni-Ni 3.11(1) 6.0(1) 0.007  6.8 
Ni(CH3COO)2· 4H2O 2.05(1) 6.0(2) 0.003(2)                                      5.2 
(Ni(II)+HA)(aq) 2.03(2) 6.0(3) 0.004(1)  5.8                                                                               
pH 5.0, 293.15K 2.05(1) 6.1(1) 0.004(2)                                      4.5 
pH 6.5, 293.15K 2.04(2) 5.9(2) 0.005(2)                                      4.9 
pH 7.5, 293.15K 2.04(1) 5.6(2) 0.004(1)  
Ni-Al 3.01(3) 1.8(4) 0.007  
 9.9 Ni-Si1 3.10(2) 1.7(3) 0.007 
Ni-Si2 3.27(2) 3.6(6) 0.007 
pH 8.0, 293.15K 2.03(1) 5.8(1) 0.003(2)  
Ni-Al 3.00(3) 2.1(4) 0.007 
 8.9 Ni-Si1 3.09(1) 1.8(5) 0.007 
Ni-Si2 3.28(2) 4.4(3) 0.007 
pH 10.0, 293.15K 2.03(2) 5.8(1) 0.004(1)  
Ni-Ni 3.07(2) 2.1(2) 0.007 
 10.4 
Ni-Si 3.27(2) 3.2(3) 0.007 
pH 6.5, 323.15K 2.04(1) 5.7(2) 
 
0.004(2) 
 
 
Ni-Al 3.00(3) 1.9(3) 0.007 
 10.2 Ni-Si1 3.10(3) 1.8(4) 0.007 
Ni-Si2 3.28(3) 3.3(6) 0.007 
pH 6.5, 353.15K 2.03(2) 
 
5.8(1) 
 
 
0.005(1) 
 
 
Ni-Al 3.01(3) 1.8(3) 0.007 
 9.3 Ni-Si1 3.09(2) 2.0(3) 0.007 
Ni-Si2 3.27(3) 4.2(4) 0.007 
pH 6.5, 10 mg/L HA 2.05(1) 5.9(2) 0.005(1)                                       6.9        
pH 6.5, 10 mg/L FA    2.04(2)   5.8(1)    0.004(2)                                           7.6 
R--Interatomic distance, CN--Coordination number, σ
2
--Debye-Waller factor, Res--a measure of the agreement 
between experimental and theoretical EXAFS curves. Debye-Waller factors for all the second-shell fits were 
constrained to remain equal during the data analysis. Ni(II)(aq), β-Ni(OH)2 and Ni(CH3COO)2·4H2O are named 
as reference samples, and the other samples of mordenite with retained Ni(II) are named as uptake samples.  
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Figure Captions 891 
Fig. 1 FTIR spectrum (A) and N2 adsorption-desorption isotherms of mordenite 892 
sample (B). 893 
Fig. 2 Effect of pH and ionic strength on Ni(II) uptake on mordenite (A) and the 894 
relative proportion of Ni(II) species at various pH values (B). T=293.15 K, m/V= 0.5 895 
g/L, CNi(II)initial=1.70×10
-4
 mol/L.  896 
Fig. 3 Sorption isotherms of Ni(II) on mordenite at three different temperatures. 897 
pH=6.5, m/V=0.5g/L, CNi(II)initial= 3.41×10
-5
~3.41×10
-4
 mol/L, I=0.01 mol/L NaClO4.  898 
Fig. 4 Effect of HA/FA on Ni(II) uptake on mordenite as a function of pH (A) and 899 
HA/FA sorption on mordenite as a function of pH. T=293.15 K, m/V=0.5 g/L, 900 
CNi(II)initial=1.70×10
-4
 mol/L, CHA/FA=10 mg/L, I=0.01 mol/L NaClO4. 901 
Fig. 5 k
3
-weighted spectra (A) and Radial structure functions (RSFs) (B) produced by 902 
forward Fourier transforms (uncorrected for phase shift) of reference samples. Solid 903 
and dash lines represent experimental spectra and spectral fits, respectively. 904 
Fig. 6 k
3
-weighted spectra (A) and Radial structure functions (RSFs) (B) produced by 905 
forward Fourier transforms (uncorrected for phase shift) of Ni uptake on mordenite at 906 
various pH values. Solid and dash lines represent experimental spectra and spectral 907 
fits, respectively. m/V=0.5 g/L, pH=5.0, 6.5, 7.5, 8.0 and 10.0, CNi(II)initial=1.70×10
-4
 908 
mol/L, T=293.15 K, I=0.01 mol/L NaClO4. 909 
Fig. 7 k
3
-weighted spectra (A) and Radial structure functions (RSFs) (B) produced by 910 
forward Fourier transforms (uncorrected for phase shift) of Ni uptake on mordenite at 911 
various temperatures. Solid and dash lines represent experimental spectra and spectral 912 
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fits, respectively. m/V=0.5 g/L, pH=6.5, CNi(II)initial=1.70×10
-4
 mol/L, T=293.15, 913 
323.15 and 353.15 K, I=0.01 mol/L NaClO4. 914 
Fig. 8 k
3
-weighted spectra (A) and Radial structure functions (RSFs) (B) produced by 915 
forward Fourier transforms (uncorrected for phase shift) of Ni uptake on mordenite in 916 
the presence of HA/FA. Solid and dash lines represent experimental spectra and 917 
spectral fits, respectively. m/V=0.5 g/L, pH=6.5, CNi(II)initial=1.70×10
-4
 mol/L, 918 
CHA/FA=10 mg/L, T=293.15 K, I=0.01 mol/L NaClO4. 919 
Fig. 9 Schematic presentation of the possible mechanisms of Ni(II) interaction with 920 
mordenite phases: (A) Cation exchange/Outer-sphere surface complexation; (B) 921 
Inner-sphere surface complexation; (C) Precipitation/Co-precipitation. 922 
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